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Since the first report by Trauhe (11 in 1892 of pulsus 
alternans, a condition characterized by aster-nation hetween 
a strong and a weak heartbeat during regular rhythm. t 
phenomena of mechanical and electrical aiiernans have been 
of continuing interest to hnth physiologists and clinicians. 
Recent studies have enhanced this interest because of the 
reported association of alternans with experimental myocar- 
dial ischemia (2,3) and cardiac arrhythmias (4). In addition, 
a~~~~cat~o~ of signal averaging and computer processing of 
the electrocardiogram (ECG) has revealed subtle forms of 
electrical alternans that may not be detectable by visual 
inspection (5), further increasing awareness of the frequency 
and possible physiologic significance of alternans. Diverse 
mechanisms for both electrical and mechanical alternans 
have been proposed. 
Information on different forms of alternans is widely 
dispersed throughout the basic science and clinical litera- 
ng an understanding of the scope of the phenom- 
ent ~f~~~~~~~~ co~c~~?s rclativs to its 
eckanisms and sig~i~ca~ce cult to achieve. 91 is the 
From the Krannert Institute of Cardiology, Department of Medicine. 
Indiana University School of Medicine, Indianapolis. Indiana. 
Manuscript received December 3, 1991; revised manuscript received 
February 20, 1992. accepted March 12. 1992. 
ss for corresao dence: Borys Surawicz, MD, Krannert Institute of 
Cardidogy, II 11 West T!nth Street, Indianapolis, Indiana 46202-4800. 
01992 by the American College of Cnrdiolnpy 
purpose of this 
the published re 
of cardiac ahernans. their clinical ma~~i~estat~o~~ and possi- 
ble therapeutic and prognostic implications, The prescnta- 
tion follows the forma? outlined in Table 1, The discussion is 
confined to alternation of single echanical or electrical 
, and does not include e complex forms, 
nc at several levels of oventricular (AV) 
conduction in the anterograde 67) or retrograde (8) direc- 
tion. alternans of Wenckebach periodicity (9,10), alternating 
coupling intervals of ventricular premature complexes (I 1) 
and alternating amplitude of afterdepolarizations (12). 
In 1910, Thomas Lewis (13) concluded that cardiac alter- 
nans occurs under two circumstances: 1) in a normal heart as 
f marked acceleration of rate, and 2) in a heart with 
or ~~t~x~~at~~ heart rnusck. Lewis 6131 alto 
occur with or without 
concomitant electrical alternans. Other early 
on mechanical alternans were provided by 
White (l4), who. in 1915, observed alternans in patients with 
heart failure. 
The mechanisms of mechanical alternans have been dis- 
puted. Wenckebach (15) proposed that pulsus alternans is a 
manifestation of concomitant alternations of end-diastolic 
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Table 1. Types of Cardiac Alternans 
Mechanical 
Due to altemans of hemodynamic variables 
Due to ahemans of contractile state 
Interrelation between mechanical and action potenrial alternans 
Electrical 
Altemans of action potential shape and duratio.1 
Electrocardiographic manifestation 
Altemans of repolarization and refractoriness 
Altemans of conduction 
In association with myocardial ischemia 
In association with cardiac motion 
pressure and volume, Straub (16) postulated that the weak 
beat originated from a smaller end-diastolic vohime but 
higher pressure and could be attributed to incomplete met- 
abolic recovery. Wiggcrs (17) ascribed the phenomenon to 
alternation of the instropic state. Subsequent s udies, as 
discussed later, have validated both the hemodynamic and 
the inotropic hypotheses of mechanical lternans by demon- 
strating that mechanical altcrnans can result from alternation 
of hemodynamic variables suchas pressure and volume or 
from alternation of inotropic state, or both. 
Alternans of hemdynamic variables. Figure 1 from a 
study by McGaughey et al. (18) shows an example of 
pressure-volume relation during alternans in isolated per- 
fused dog ventricle jecting into a simulated aortic imped- 
ance. In this case, as a consequence of the Frank-Starling 
mechanism, stroke volume and systolic pressure are greater 
when end-diastolic volume is increased. Consequently, the 
heart empties more completely, which in turn results in 
lower end-diastolic volume, smaller stroke volume, lower 
systolic pressure and less complete ventricular emptying. 
ure 1. Pressure-volume plot of d weak (I) and a strong (2) beat of 
pulsus nltemnns during constant filling pressure in isolated cross- 
perfused dog heart. For explanation, see text. Reprinted, with 
permission, from McGsughey et al. (IS). 
OOmnglg 
50 mmt=lq 
Figure 2. Ventricular pressure, aortic pressure and electrocardio- 
gram from an open chesl anesthetized dog during perfusion with 
disodium ethylcnedi~lminetetra~asetate IEBTA) solution. The trac- 
ing shows pressure altern~ms without ckctrical alternans. Note that 
the second beat originates from a lower diastolic pressure than the 
first beat and the fourth beat from a slightly lower diastolic pressure 
than the third beat. Reprinted, with permission, from Surawicz (20). 
The result is an increased iastolic volume and thus the 
continuation of alternans. Contributing to the maintenance 
of alternans induced by this mechanism is the longer dura- 
tion of systole associated with the more forceful beat and 
thus less time for diastolic filling (19). 
Figure 2, from a study by Surawicz (20), shows alternans 
of left ventricular pressure in an open chest Wi 
depressed myocardial contractility nduced by h talc 
mia. It can be seen that higher systolic pressure originates 
from higher end-diastolic pressure. Other studies (21) dem- 
onstrattd that in the dog heart insitu, the weak beat nearly 
always originated from a lower left ventricular en&diastolic 
pressure. ~~vestigatio~~s by i&hell et al. (22) in isolated 
supported dog hearts, dog he s in situ and papillary muscle 
have shown, however, that weak beats canbe initiated from 
a lower, the same or a higher end-diasto!ic pressure, but the 
weak beat in these preparations consistently c.~ginated from 
a shorter end-diastolic length of the contraLrile e ment. This 
condition can be brought about by an inadequate diastolic 
ventricular relaxation period or inadequate filling relative to 
the inflow voiume i,equired to produce any given diastolic 
fiber length from any given end-systolic volume, or both 
(22). 
Other observations on hemodynamic alternans suggest 
that in the intact dog heart, the magnitude of alternans may 
be unequal in the two ventricles (23). Such discordant 
alternans in the dog heart has been attributed to changes in 
the initial segment length (24). In the human heart, alternans 
in the right and left ventricle5 can be concordant or dis- 
cordant as shown by simultaneously recorded right ventric- 
ular and systemic arterial pressures (25). 
Att~~n~fls o  inotro te. Nayler and Robertson (26) 
attributed mechanical lternans in dog papillary muscle to 
alternans of the contractile state because the alternans 
occurred without any change in end-diastolic icnsion. Sub- 
sequently, Noble and Nutter (27) demonstrated alternans in
the absence of differences in diastolic filling duration. 
Figure 3 from the study of McGaughey et al. (18) shows 
that unlike the relation illustrated in Figure I, the diastolic 
pressure-volume relation does not di 
tween the strong and the weak beat. s excludes incom- 
plete relaxation, or the Frank-Starling m
only cause of alternans. The authors (18) c 
magnitude of stroke volume alternati 
plex interactions of altered contractility state with altema- 
tion in preload and afterload. This view is in agreement with 
a computer model 0P’ alter ans that also suggested inte 
pendent changes in contractilit modynam~cs during 
alternans (28). Iin another stu n an intact blood- 
perfused e of the nd-systolic 
pressure- des an index of con- 
tractility independent of end-diastolic diameter, was nearly 
two times greater in the strong than in the weak beat. 
Similarly, alternation f contractile state has been postulated 
in patients with aortic valve disease with an alternating 
maximal rate of left ventricular pressure increase (30,31) or 
alternating stress-length relation (32). 
oratory, alternans can be induced in normal 
hearts or isolated cardiac tissues by a variety of methcds, of 
which the most frequently employed is a sudden increase in 
heart rate (33-38) or proper timing of a premature sttmulus 
(19). Other methods have included hypothermia (34,39), 
application ofmetabolic nhibitors (40), Ioaering ofextracel- 
lular calcium concentration (20,34,35,41), Ikiting oxygen 
availability (42) and the administration f various drugs 
chanical alternans in humans is typically associated 
with severe heart diseass or beart failure, or both (14,43-45). 
Some of the recorded manifestations of mechanical alternans 
have included alternations of left ventricular systolic pres- 
Figure 4. Alte~~ans of aortic pressure in a patient QP the first day 
after surgical aortic valve replacement. Not? that the aortic valve 
does not open after the second, the sixth (premature) and the eighth 
complex. The electrQcardiQ~ram shows no allernans. 
icular e~~d~diast~~ic pressure (44 
stohc volume (47); left v~~tric~ 
); stroke volume (46-48); duration of left 
vemtric~lar ejection (44); 
and left ve~~ric~~ar blood 
e intervals (51); left ventricular rtilaxation prop 
rties (52); right ventricular or ry arte ressure, or 
0th (53-56); and echocardi wall ion, valve 
dynamics and Dimensions (57-62). Verheugt et al. (63) 
described two unusual ca lsus alternans caus 
an alternating atrial elec nical dissociation 
in the absence of electrical alternans in isolated 
muscle (26,34). Inaddition, there are nu 
mechanical alternans inthe absence of a 
tion of the ECG complexes in animals (Fig. 2) and humans 
(53-65) (Fig. 4). 
At the cellular level, mechanical lternans in ventricular 
myocardium is usually accompanied byan alternating shape 
of the ventricular action potential. Alternans of action po- 
tential shape has been designated as discordant when a 
stronger beat is associated with a shorter p!%eau of the 
ventricular ction potential (that is, a more tl iangular shape) 
and the weaker beat with an action potential having alonger 
plateau (thai is, a more square shape) (34,66-68). Wher 
mechanical alternans results from lter~ating excitation fail- 
ure of regional contractile ur.its, t
alternating absence of action potenti 
sites (34). 
The concomitant occurrence of action potential sh 
and muscle tension alternans can result from one of 
following processes: 1) action potential shape determines the 
developed tension; 2) developed tension determines the 
action potential shape; and 3) both action potential shape 
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and tension change independently but perhaps because of a 
common factor. The first possibility appears unlikely. If the 
currents generated during repolarization contributed to a 
positive inotropic effect, the developed tension should he 
greater in association with a longer plateau and a more 
positive plateau potential. However, this was not the CM 
(37). Similarly, if alternans of action potential shape was 
caused by passive mechanoelectrical coupling (69), we 
would expect a positive correlation between the developed 
tension and the amplitude of alternans. However, in the 
study of Saitoh et al. (37), this was not the case. Therefore. 
it is most likely that action potential shape and tension are 
modulutcd by a common factor. 
The factor common to both action potential and mechan- 
ical alternans may be a defect in calcium utilization (36,411. 
In a study by Orchard et al. (70) in ferret papillary muscles 
and isolated myocytes, stronger contractions during mc- 
chanical alternaes wcrc associated with longer action poien- 
tial, and altcrnans paralleled alternations of calcium- 
activated inward current. The mechanical alternans in 
isolated myocytcs persisted when the electrical alternans 
was prevented by voltageclamped depolarizing current 
pulses of constant duration (70). This observation suggested 
to the investigators that action potential alternans is caused 
by an alternating magnitude of the calcium transient. Oscil- 
lations of intracellular calcium transient concomitant with 
oscillation of contractile force have been reported in rat and 
rabbit (71) and in ferret (70.72,73) veniricular muscle. Also. 
alternation of the calcium transient has been recorded during 
mechanical and electrical ahernans in the setting c$ myocar- 
dial ischemia (74). Lab and Lee (73) have shown that :uch 
alteration of intracellular calcium occurred in the presence of 
complete relaxation. 
It has been shown that alternans in ventricular muscle 
fibers was not altered by either doubling or decreasing by 
50% the extracellular calcium concentration and by increas- 
ing the sensitivity of contractile proteins to the action of 
calcium; however, alternaos was suppressed or markedly 
attenuated by caffeine and ryanodine (75). Because both 
caffeine and ryanodinc abolish the oscillations of the intra- 
cellular calcium transient and of tension in calcium- 
overloaded ferret ventricular muscle, it appears that sup- 
pression of alternans may be caused by lessening 
fluctuations of the amounts of calcium released by sarcoplas- 
mic tet~ulum. However, this may not be the only mecha- 
nism of alternans suppression because alternans is also 
attenuated or suppressed by the ca1cit.m channel activator 
Bay K 8644 (371 and calc+n channel blockers (37.76). 
presumably as a result of changing amounts of calcium 
entering through sarcolemmal calcium channels. Further- 
nlore, it has been shown (37) that neither the maintenance 
nor the suppression of alternans is dependent on any partic- 
ular level of developed tension or plateau duration. Thus. 
dternans may be suppressed or attenuated when the dura- 
tion Of plateau is increased or decreased and in the presence 
of both decreased and increased tension. 
Active & ~~c~~a~ 
uscle Ehe In fibers, 
action potential duration changes during alternans occur 
without changes in action potential shape. In ve~tr~c~~~a~ 
muscle fibers, action potential duration changes are accom- 
panied by changes in action potential shape, but alternans of 
action potential shape may be present when the diastolic 
intervals are constant (37,68,77). Several studies (34-36,77) 
have shown a lack of consistent relation between the dura- 
rion and shape of aiiioil~ pokentials in ventricular muscle 
fibers, For example. when alternans was induced by a 
sudden increase in the fate of stimulation in dog ventricular 
muscle, the first action potential with a square con~~~~rat~o~ 
was longer than the following triangular action potential, but 
subsequently the triangular action potentials were usually 
longer than the square ones when mcasurcd both at the end 
and at the -60.mV level of repolarization (37). 
There is evidence that for both normal PurkinJe and 
ventricular muscle fibers under physiologic conditions a 
critical short cycle is required for induction of alternans and, 
in both. the magnitude and duration of alter 
with shortening of the new cycle le;.gth (37.41) 
such requirements appear to he necessary when a~te~.~~~s is 
i~d~~~~i by interventions that alter metabolic state, such as 
plication of triiadothyronine. 2-4 dinirrophenol. anoxia 
(78). quinidine. a combination of low temperature and pro- 
pranniol (77) or low temperature alone. 
Alternans of action potential uration induced by a sud- 
den decrease in cycle length could he explained by the 
mechanisms that control action potential duration during 
nonsteady states in the absence of alternans (that is, restitu- 
tion and memory) (79.80). Figure 5 IlMraies the close 
correlation between action potential duration during restitu- 
tion and during alternans in canine Purkinje fiber (37). The 
distribution of action potential durations during alternans 
parallels the course of restitution (Fig. SA) but because of 
declining memory effect, the action potentials during alter- 
nans are shorter than those during restitution at each of the 
corresponding diastolic intervals. The closeness of correla- 
tion is revealed when the dicerence between two consecu- 
tive action potential durations during alternans is plotted 
against the corresponding difference between two action 
potential dcrations during restitution at common diastolic 
intervals (Fig. SB). 
Figure 6 shows the relation between action potential 
duration during restitution and during alternans in canine 
ventricular muscle fibers (37). Unlike in Purkinje fibers (Fig. 
5). the distribution of action potential durations during 
alternans does not parallel the course of restitution (Fig. 6A). 
Figure 6R shows that there is no cQrre~atio~ when the 
difference between two consecutive action potential dura- 
tions during alternans is plotted against the corresponding 
differences between two action potential durations during 
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after changing cycle iengtb to 360 ms; 
seventh action potential after changing cycle 
length to 340 ms; 0 = first to eighth action 
potential after changing cycle length to 320 and 
300 ms, respectively; Xz and Xi, = durations of 
second and third action potential at a cycle length 
of 300 ms, respectively: Yz and Y3 = correspond- 
ing action potential durations on the restitution 
curve at common diastolic intervals with X, 
identity line: interru line = fitted to data by 
printed. with permission. 
from Saitoh et al. (37). 
I 
y=102r-16 
I =0.99 
I I 
-SO -38 0 30 
AAPD rest (ms) 
restitution at common diastolic intervals for 30 pairs of 
consecutive action potentials from Figure 6A. 
Figures 7 and 8 show concomitant action potential and 
contraction alternans in isolated perfused rabbit heart in t 
presence of quinidine (Fig. 7) and at low temperature (Fig. 
8). In both Figures 7 and 8, the diastolic intervals preceding 
the alternating triangular and square action potentials are 
nearly equal, which suggests a mechanism not dependent on 
the differences of the preceding diastolic intervals. 
It has been shown (37) t urkinje fibers, alternans 
induced by an increase in cycle length always declined 
progressively and disappeared before the action potential 
duration reached tke new steady state. Also, in 
fibers, alternans could be interrupted at any time by inter- 
olating an interval in which the sum of the preceding 
Figure 6. Alternans of action potential duration (APDI in 
dog ventricular papillary muscle fibers induced by an abrupt 
change from a cycle length of l,GOO ms to shorter cycle 
lengths. A, Relation between action potential duration 
(shown on the ordinate and the preceding diastolic interval 
(DI) shown on the abscissa) during electrical restitution 
(solid line) and altemans (scattere 
ventricular muscle fiber. 0. A, 0, 
actior potentials after changing cyc 
300, 280, 260, 240 and 220 ms, res 
ence between two consecutive a 
during altemans (AAPQ,,,) is plotted against the corre- 
sponding difference between two action potential durations 
on the restitution curve at the common diastolic interval 
(AAPD,.,) for 30 pairs of consecutive action potentials 
from A. Solid line = identity line. Reprinted, with permis- 
sion, from Saitoh et al. (37). 
diastolic interval and the following actio 
did equal the cycle length (37). ln vemricular muscle fibers, 
the magnitude of alternans induced by a decrease in cycle 
ded to decrease regressively because of 
declining memory ct. However, at very d rates, 
alternans of action tential shape in ventric muscle 
fibers coald continue indefinitely witbout a change in dias- 
tolic interval. In ventricular mu:,71e rs. alteroans of 
action potential duration could be im’r ed by interpolat- 
ing a single cycle, but unlike Purkinje Oers, the sum of the 
preceding diastolic interval and the following action poten- 
tial duration of the cycle interrnpt~ng the alternans did not 
have to equal the cycle length (37). 
The observed differences between action potential alter- 
nans in Purkinje and ventricular muscle fibers can be attrib- 
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Npre 7. Paced elecWxardiogram and ventricular action potential 
in isolated perfused rabbit heart before (top) and after (bottom) 
treatment with quinidinc, Note attcrnans of T wave and action 
potential shape in the prcsencc of a nearly identical diastolic interval 
before the square and triangular action potentials. For interpreta- 
tion, see text. Reproduced, with permission, from Zumino A, 
Surawict B. Unpublished data. 
uter’ to the presence of a single mechanism in Purkinjc fibers 
and more than one mechanism in ventricular mu& fibers. 
In Purkinje fibers, changes in action potential duration are 
controlled by the duration of the preceding diastolic interval. 
This has been attributed to the effect of the decaying delayed 
outward-rectifying potassium current causing greater action 
potential shortening after a short than after a long diastolic 
interval (81). A similar mechanism, although caused by 
different plateau currents from those IIS Purkinje fibers, has 
been proposed for action potential alternans of ventricular 
muscle fibers (79). However. as discussed earlier. additional 
mechanisms have been postulated to explain altcrnans of 
action potential shape in the ventricular myocardium asso- 
ciated with alternans of intracellular calcium transients and 
developed tension. 
Attrial olternans. In two published reports (82,83) of atrial 
action potential alternans, action potential duration was 
dependent on the preceding diastolic interval. Nowever, the 
mechanisms differed. In strips of normal canine atrial tissue, 
induction of alternans required a critical increase in stimu- 
lation frequency (83). In human patients with heart disease, 
alternans of monophasic action potential duration was attrib- 
uted to tissue damage. rather than to a critical increase in 
heart rate (82). 
In 19.50, Lepeschkin (84) proposed classifying ECG man- 
ifestations of electrical alternans into the following catego- 
ries: if ahernating conduction delay; 2) primary alternation 
of the ST segmest; 3) regression of restitution of the steady 
state, “resulting in primary T wave altemans”; 4) electrical 
altemans secondary to mechanical alternans; and 5) various 
combinations of the four mechanisms. Alth ~e~esc~ki~‘s 
concepts have been modified and refined advances in 
cellular and subcellular cardiac clectrophysiology, they con- 
tinue to be essentially correct. The following discussion will 
group ECG manifestations into 1) repolarization alternans, 
and 2) conduction and refractoriness alternans. Alternans 
during myocardial ischemia and alternans due to cardiac 
motion will be discussed in separate sections. 
Ve~t~~cula~ ~e~o~a~i~atjom a~~e~~ams: T wave, U wave an 
QT interval. In clinical electrocardiograpl~y, vent 
polarization alternans is most frequently associ 
abrupt changes in heart rate (85) or p 
interval. Altcrnans of the T wave is 
alternating the duration or shape, or bo 
action potential. It may be expected to occur when the 
diastolic interval becomes sufficiently brief to p;:‘,duce mea- 
surable s~or~e~in~ of the following action poteniidl, which in 
turn will lengthen the subsequent diastolic interval and 
perpetuate the continuation of alternation (Fig. 9). When 
alternans is initiated by such a mechanism, the duration of 
the QT interval determines the critical cycle length at which 
alternans of ventricular repolarization may be expected to 
appear. The longer the QT interval, the longer the shortest 
cycle length at which alternans can occur. When the QT 
interval is prolonged. the T wave tends to encroach Q 
Figure 8. Electrocardiogram (top), venrricular action potential (mid- 
dle) and contraction (bottom) in isolated perfused rabbit heart at 
37°C (A) and 26°C (B). The heart is paced in both A and 
paper speed is different. Note alternans of T wave, action potential 
shape and duration and contraction at low temperature. Stronger 
contraction (downward deflection) is associated with a shorter 
triangular action potential. Reproduced, with permission, from 
Zumino A, Surawicz B. Unpublished data. 
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Example of ahernans e~e~de~~ on the alternans of the 
terval. A~~er~~~~~~ of on in Ihe elec- 
trace) and ventricu mbrane action 
) in paced isolated perfused wit!? 
ium-de~cie~t solution. Note that the shorter 
action potential takes otT during incomplete repolarization of the 
preceding action potential and is followed by a distinct diastolic 
interval at the level of resting membrane potential. For interpreta- 
tion, see text. reproduced, wit 
~npublisbed data. 
wave, resulting in fusion between the two waves. Under 
such circumstances, alternans has been describe 
ahernans (86) or QtJ ahernans (87,88). 
A prolonged QT interval not only predisposes to T wave 
alternans but also frequently reflects the presence of an 
electraphysiologic substrate generating a polymorphic ven- 
tricular tachycardia known as torsade de pointes (X9). There- 
fore, it is not surprising that T wave alternans has been 
implicated as a precursor of torsade de pointes (90). Wow- 
ever, this association may be only a fortuitous result of a 
common electrophysiologic abnormality. Alternans of the T 
wave that is dependent on critical shortening of the diastolic 
interval frequently becomes manifest when the duration of 
ventricular action potential approaches or exceeds the cycle 
length (Fig. 9) (91). Therefore, a QT interval occupying 
nearly the entire cycle length can be seen in many cases 
illustrated in published reports of repolarization alternans 
associated with a long QT interval. Thus, it may be assumed 
that a long QT interval reflects an electrophysiologic abnor- 
mality that precipitates both repolarization alternans and 
torsade de pointes. 
In experimental animals, T wave alternans can be in- 
duced by lowering the serum calcium concentration (92,93). 
In humans, T wave alternans associated with a long QT 
interval has been reported in congenital long QT syndrome 
(94-96), hypocalcemia (97), treatment with quinidine (9’8), 
hypokalemia (99), hypokalemia with hypocalemia and hypo- 
. Electrocardiogram (continuous tracing) from a deaf-mute 
patient with F~mihal long QT syndrome. Note T and QT alternans 
before and after a short episode of ve icular tacbycardia. lie- 
printed. with permission, from Pernot C, ,n-y M, Debruille C. Les 
syndromes cardio-auditifs d’origine genetique. Coeur Med Int 1974; 
13:4?9-43. 
magnesemia (86) and cardiomyopathy associated with hypo- 
efibri~~at~on (103). Its occur- 
rence has also been unexplained ( ). Examples of T wave 
alternans associated with a long interval are shown in 
Figures IO and I I. 
In addition to manifest alternans in the clinical ECG, 
subtle ahernans forms may become detectable by digital 
processing techniques (5). It has been shown (4) that such 
subtle forms of ahercans are associated with a decreased 
ventricular fibrillation threshold in dogs and i 
ceptibility to inducible ventricular tacbycardia and ventric- 
ular fibrillation in patients with coronary artery disease or 
cardiomyopathy and therefore may represent a noninvasive 
marker of electrical instability. It has been suggested that the 
decreased ventricular fibrillation threshold in dogs with T 
wave alternans may be due to increased dispersion of 
repolarization (105). 
Alternans of action potential duration is probably respon- 
sible for alternans of refractory periods. Janse et al. (106) 
recorded transient alternans of effective refractory periods 
after a sudden increase in heart rate in dogs. In humans, 
transient alternans of variable duration has been recorded 
both in the ventricular myocardium and in the conducting 
system during rapid stimulation or after a premature stimu- 
lus (107-109). Two examples are shown in Figure 12. 
Figure 10. T wave alternans initiated by a 
premature impulse. Note the gradually de- 
creasing magnitude of T wave alternans. 
- -. .. --‘----~-----Y- .-.---.-.-- 
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Figure 12. Effect of an abrupt change in cycle length 
from basic cycle (Sa-SB) to a shorter cycle 6-S) on 
ventricular myocardial refractoriness (VERP) in two 
different experiments in humans. Upper curve shows 
persistence of alternans for the duration of the new 
cycle length (X-X); lower curve depicts rapid damp- 
ening of oscillations (O-O). Consecutive beats on the 
abscissa are marked from SE to S,,. Reprinted, with 
permission, from Marchlinski (109). 
A~t~rn~ns of conduction, Conduction alternans may be 
due to alternation of one or more of the following determi- 
nants of impulse propagation: conduction velocity, refracto- 
riness, excitability, supernormality and propagation path- 
way. Factors precipitating alternans include such variables 
as changes in heart rate, prematurity and various hemody- 
namic, nervous, humoral and pharmacologic inputs. Both 
t’ d underlying mechanism and the precipitating factors may 
be difficult to identify. 
In the surface ECG, alternans of conduction may mani- 
fest as 1) alternating duration or morphology, or both, of the 
F wave or QRS complex, or both; 2) alternans of the PR or 
RP interval: 3) alternans of the cycle length: and 4) various 
combinations of these. The diagnosis of alternans manifested 
by an alternating cycle length requires documentation of 
regular impulse formation at a fixed site of origin. Table 2 
lists structures that may be involved in conduction alternans. 
Atria, Rapid atrial pacing may r::sult in alternans of atrial 
eleetrograms (I IO,1 I I), but P wzlve alternans is rarely re- 
corded in humans (I 12) (Fig. l3A) and, when present, it is 
nsually accompanied by alternans of the QRS complex, ST 
segment and T wave, the so-called total alternans (113). 
Alternans of atrial flutter waves (114) as well as of the PP 
‘Fable 2. Anatomic Slructures Involved in Conduction Alternans 
Atria 
AV junction 
Bundle branches 
Single 
Borh 
Rscicles 
Distal Furkinje fibers 
Ventricular myocardium 
Accessory AV pathway 
Alone 
With AV junction 
Various combinations of the above 
AV = ahioventricular. 
interval during rapid heart rates, such as atrial tachycardia, 
have been recorded (Fig. 13C) (I I I, 113). 
Atri~ventricu~ar junction. Alternation of AV conduction 
in anterograde and retrograde directions has been recorded 
at normal and rapid heart rates (Fig. 13B), frequently with 
rapid pacing (113). Alternans of AV or ventriculoairial 
conduction can be accompanied by QRS alternans or cycle 
length alternans. 
Since 1925 when Lewis (I 15) first described AV node 
alternans. several mechanisms have been proposed to ex- 
plain this phenomenon (I l6), including I) conduction during 
the supernormal phase of recovery (I 17,118); 2) concealed 
AV conduction of atriel premature impulses, lengthening the 
Figure 13. A. Sinus rhythm with alternans of the P wave. B, Sinus 
rhythm with alternans of the PR interval, most likely due to dual 
atrioventricular (AV) node conduction. C. Atrial tachycardia with 
2: I AV block, with aliernation of the PP interval with the shorter PP 
interval encompassing the QRS complex. A disturbance of conduc- 
tion or excitability at or near the site of regular impulse formalion is 
postulated. However, an irregular impulse formation such as a 
ventriculophasic arrhythmia cannot be ruled out, making it uncer- 
tain whether this is a true conduction alternans. L = lead: M = 
monitor lead. 
12 
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Sinus with a normal interval is rccurded 
in lead V, (the control I The PK and RR 
s are recorded in leads MI ~~o~~to 
encompassing the interpolated AVJ premature com- 
plex is the same as the longer RR intervals in leads M 
and V,. ‘The shorter RR intervals encompa 
interval of 0.16 s and the longer RR interv 
interval of022 s. The prolongation of the PR 
is the result of concealed AVJ discharge (s 
ence of events is rrco 
nifest AVJ trigeminy, with or 
I). The analysis is aided with 
the Lewis diagram. 
The RR inrervals encompas 
complexes, being cyurl lo the 
ing the prolonged PR interval without manifest 
AVJ impulses, support concealed AVJ discharge a$ 
the mechanism of the PR alkrnaos. ‘I‘hc 
PR inlervals, whether or not preceded by a manifesr I, 
interpolated AVJ premature complex, are the same 
in duration, lending further support to concealed 
discharge as the mechanism of the PR alternans. 
Reprinted. with permission. from Fisch C. Con- 
cealed conduction. lo:Zipes D. ed. Cardiology Clin- 
icb. Symposium on Arrhythmias 1. Phil&lphia: WB 
Saunders, 19213363. 
subsequent PK illterval; 3) concealed AV junctional im- 
pulses with prolongation of the subscqHL’nt P 
14); and 4) alternation of conduction betwee 
ally separa V node pathways (Fig. 13 arld 15)(119.120). 
In Figure I akrnans of the PR interv is most likely due 
to dual AV node pathways (113). The alternans ofthe PP, 
and RR intervals in Figure 15 (assuming regular impulse 
formation at a single site) can be explained by one of the 
following mechanisms: 1)AV junctional tachycardia with 3:2 
type 1 anterograde and retrograde block; 2) atrial tachycardia 
with 3:2 exit block and a dual AV node pathway responsible 
for PR alternans; and 3) reentrant AV node tachycardia with 
Figure 15. Atrioventricular node tachycardia with alternans of the 
QRS complex and RP and RR intervals. For explanation, see text. 
II 
III 
AVR 
AVL 
AVF 
a single retrograde pathway and two anterogradc pathways 
with different conducting properties (113). 
sasrci~es. Alternation ofeither ight or left bundle 
branch block with normal conducrion, as a ru 
2:l bundle branch block (113), may be t 
bradycardia-dependent (121). Although the mechanism is 
not always clear, it has been suggested that every second 
impulse conducts during the supernormal period of recovery 
of excitability. Others (121) proposed that alternating c:4e 
length differences result from transseptal retrograde p netra- 
tion of the affected bundle branch. 
Figure I6 shows different types of bundle branch block 
alkrna~~s. Alternation of complete right and left bundle 
branch block conduction during normal sinus rhythm is rare 
(Fig. l6E). Even rarer is alternation f complete and incom- 
plete bundle branch block (Fig. IbD) or a combination f PR 
alternans with simultaneous bundle branch block alternans 
(Fig. 16F). Alternating conduction along the left anterior and 
posterior fascicles i  moJt often accompanied by an incom- 
plete or complete right bundle branch block and represents 
one type of bidirectional ventricular tachycardia (Fig. 17). It 
may occasionally be due to conduction of a s~~rav~~t~~~~l~~ 
impulse, alternating along the anterior and posterior fasci- 
cles (122). However, His bundle studies (123426) have 
shown that in most cases, biventricular tachycardia origi- 
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Figure 16. Different manifestations of conduction alternans involv- 
ing structures distal to His bandIe: right bundle branch block and 
normal (A), left bundle branch block and normal (B), complete and 
incomplete right bundle branch block (0, complete and incomplete 
left bundle branch block (II), right bundle branch block and left 
bundle branch block (E) and right bundle branch block, left bundle 
branch block and PR interval W). 
The following mechanisms have been proposed to explain the 
alternans of bundle branch block and normal conduction (A to DL 1) 
A small variation in the cyc!e length, not recognizable in the 
electrocardiogram. 2) The impulse blocked at the proximal edge of 
the “lesion” responsible for bundle branch block. This would allow 
for a longer period f recovery, with a bundle branch to bundle 
branch interval twice the basic RR cycle and thus the normal QRS 
complex. 3) Deceleration-dependent aberration. The normal QRS 
complex is followed by a bundle branch to bundle branch interval 
sufficiently long to permit deceleration-dependent bundle branch 
block. in the presence of bundle branch block, concealed transsep 
tal activation foreshortens the bundle branch to bundle branch 
interval. The sinus impulse depolarizes the bundle branch at a more 
negative potential, resulting in normal conduction with a normal 
QRS complex. 4) Supernormal conduction in the bundle branch. 
nates in the left bundle branch and conduction alternates 
along the anterior and posterior fascicles. 
Subtle changes in QRS duration or amplitude, or both, 
without definite changes in the QRS axis or configuration 
have been observed frequently in the presence of ectopic 
supraventricular tachycardia with normal QRS duration. In a 
study (127) of a large number of patients with spontaneous or 
induced supraventricular t chycardia with a narrow QRS 
complex, QRS altemans was observed in22% of the patients 
and in 3% of instances was associated with AV recipro- 
In the presence of bundle branch block and delayed concealed 
transseptal activation of the bundle branch, the recovery curve 
shifts to the right, the sinus iimpulse fortuitously reaching the 
bundle branch during the supernormal period of bundle branch 
recovery, resulting in normal bundle branch conduction. With 
the normal QRS complex, the recovery curve of the bundle 
branch shifts to the left, the impulse falls during the time- 
dependent refractory period of the bundle branch and bundle 
branch block results. As long as the sinus rate, transseptal 
conduction time and onset of recovery remain constant, the 
alternation of bundle branch block may persist. As best can be 
determined in E, the PR intervals are equal, whether the con- 
duction is by way of right or left bundle branch block. The 
possible mechanism is alternating transseptal conduction causing 
alternate change of the respective bundle to bundle interval, 
allowing for alternation of conduction during the supernormal 
periods of right and left bundle branch block. Conduction in F 
can be explained byalternate conduction bythe right and left 
bundle branches with normal conduction in the right and delayed 
conduction in the left bundle branch. The latter would result in 
alternans of the PR interval. 
eating tachycardia with retrograde conduction along an 
accessory pathway (Fig. 18). Other studies (128) tend to 
support these findings. However, Morady et al. (129) 
showed that during rapid pacing, altemans is primarily 
determined by the heart rate of t chycardia, independent of 
the mechanism. It has been suggested that both alternans 
during narrow QRS tachycardia and alternans of the wide 
QRS complex occurring occasionally during ventricular 
tachycardia (130) (Fig. 19) probably reflect changes in the 
refractoriness of the peripheral Purkinje system or ventric- 
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7. Atrial flutter at a raie of 300 beats/min 
and ~~d~~e~t~~~a~ ventricular tachycardia at a rate 
~~x~~a~~l~ 150 eat5/~i~ with a~ter~at~~~ 
right bundle branch block and left anterior fascic- 
ular block configurations. 
ypothesis is an obser- 
duction has been recor 
and AV node pathway 
separate accessory pathways and within a single accessory 
pathway (Fig. 20, top) (113). 
Alternans in the presence of myocardiai ischemia re- 
quires special consideration because in addition to previ- 
ously discussed mechanisms of mechanical (134-140) and 
electrical (‘74) ahernans, myocardial ischemia may create 
specific types of electrical lternans resulting from electro- 
physiologic nonhomogeneities w hin the ischemic myocar- 
dium as well as between the ischemic and nonischemic 
myocardium. 
The earliest studies of electrical lternans during experi- 
mental ischemia in animals with coronary occlusion were 
summarized by Hellerstein and Liebow (141). These inves- 
in 
tion morphology in 
encroachment of he stimulated co 
brane potential during alternans create the substrate for 
spontaneous reexcitation, contributing toventricular fibril- 
lation during ischemia in the pig (2,3,143) and ventricular 
tachycardia or fibrillation i  the dog (144,145). 
Figure 18. Two upper strips, Alternans of the QRS 
complex in the presence of atrioventricular reen- 
trant achycardia. Lower strip, Eke-excitation in the 
first two and the last three complexes. 
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Figure 19. Ventricular tachycardia with (ZRS altetnans possibly due 
to alternating intraventricular conduction time or alternating prop 
agation pathway. 
5min occl. 
Recent studies (146) have shown that risk of ventricular 
fibrillation i creased with increasing magnitude of ST alter- 
nans, particularly when the ST segment alternans i discor- 
dant (that is, the ST changes inthe adjacent leads are out of 
phase) (147). .4rrhythmias also have been qgravated by 
changes in the characteristics of ST alternans induced by 
ventricular p emature impulses (148). 
Aitcrnans cu!scd by asynchrony ofdepolarization shown 
in Figure 21 is not the only mechanism of ST segment 
alternans during acute ischcmia becaubc ST and T wave 
alternans have been recorded in association with alternating 
amplitudes and duration of monophasic action potentials 
re 20. Wolf-Parkinson-W;lite pattern with alternating degree of 
pn-excitation along an accessory pathway (top) and alternation of 
conduction along an accessory and atrioventricular nodal pathway 
(bottom). 
Figure 21. Transmemhrane action potential and local electrogram 
before (top) and 5 min after (bottom) coronary occlusion (occl.) in a 
pig heart. Two complexes occur during altemans. Note that delayed 
repolarization in the ischemic area results in a negative T wave in 
the electrogram. Reprinted, with permission, from Kleber et al. (2). 
without activation delay (Fig. 22) (144,148). ST segment 
alternans resulting from differences inaction potential shape 
and levels of resting membrane potential can be produced by 
myocardial injury other than ischemia (for example, strong 
suprathreshold transthoracic ountershocks) (149). 
Iln patients with ischemic heart disease, ST alternans 
usually consists of alternating levels of ST elevation i  the 
standard oranterior precordial le ds, or both, displaying an 
acute injury pattern with an anteriorly or inferiorly directed 
ST vector. Alternating levels of ST depression i these leads 
very seldom occur and alternating ST elevation and depres- 
Figure 22. Alternans of ST segment elevation associated with 
alternans in monophasic action potential (M.A.P.), shape and alter- 
nans of resting potential level. Lt. Epi = left epicardial electrogram. 
Reprinted, with permission, from Nakashima M, Hashimoto H, 
Kanamaru 7 “. Nagaya T, Hashizume M, Oishi H. Experimental 
studies and clinical report on the electrical lternans of ST segment 
during myocardial ischemia. Jpn Heart J 1978;19:396-408. 
ELECTROGRAM 
( Lt. Epi. ) 
hl. A. I? 50mv 
. 
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tre 23. A~te~~ans of the 
different magnifications. 
are ~e~~od~ced at 
alternans during acute 
the frequent occurrence of such a~hythm~as and 
n cardiac death during c
alter~ans (160465) 
specificity of this association. 
have been attributed to excessive cyclic pendular and rota- 
tional cardiac motion within an enlarged pericardial sac 
(166468). Such motion alters the anatomic position of 
cardiac regions facing the recording electrodes. Electrical 
alternans in patients with pericardial disease frequently 
suggests the presence of cardiac tamponade (Fig. 24) 
(168,169). Precise alternation of EC6 complexes occurs 
Figure 24. Alternans of the QRS complex and T wave in 
the presence of large pericardial effusion causing cardiac 
tamponade (left panel). Aitemans ceases with removal 
of the pericardial fluid (right panel). 
e presence of large 
refractoriness and excitability can be 
local djsturbauces within t e c~~ducti~ 
dium. 
Certain forma oF ciecir ica, a~te~~a~s c n be considered as
ions )f normal electrical restitution 
ysiologic forms of aherna ay be 
art rate or premature 
ons of refractoriness or 
ysiologic a~ter~a~s is u ually 
nonsustained because as a result of a declining memory 
effect, the differences between diastolic intervals gradually 
disappear s the action potential shortens and reaches a new 
steady state. However, studies in vitro (37) and in vivo (109) 
suggest that even in normal ventricular muscle, both me- 
4% SURAWICZ AND FISCH 
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chanical and electrical alternans precipitated by sudden 
increase in heart rate may become sustained. 
In addition, in vitro studies have shown that electrical 
alternans precipitated by factors other than a sudden in- 
crease in heart rate may be sustained at constant diastolic 
intervals and therefore cannot be attributed to restitution 
and memory effects (Fig. 7 and 8). These forms of in vitro 
electrical aiternans are associated with mechanical alter- 
nans. It may be assumed that the alternating effects of 
calcium transients modulate both the developed tension an6 
membrane currents controlling repolarization. 
In vitro and clinical observations suggest that T or QT 
alternans is facilitated and maintained by a long duration of 
the action potential (or QT intcrvc!) in relation to cycle 
length, Alternans is precipitated by a critical shortening of 
the diastolic interval, which causes shortening of the follow- 
ing action potential and lengthening of the subsequent dias- 
tolic interval, This may be also the mechanism of bundle 
branch block altemans. 
Clinical significance. The type of alternans that presents 
may p-ovide useful diagnostic clues to specific clinical 
conditions. Electrical alternans in a patient with pericardial 
effusion, for example, suggests a large effusion with the 
threat of cardiac tamponade. The QRS alternans during 
narrow QRS tachycardia suggests AV reentry through a 
manifest or concealed accessory pathway. Alternating PR 
intervals may reveal dual AV node conduction pathwa;s, 
and alternans of ST segment elevation suggests coronary 
spasm. 
Mechanical alternans usually occurs in the failing heart. 
Some of the conditions precipitating cardiac failure are 
remediable, such as hypocalcemia, ventricular outflow ob- 
struction and valvular regurgitation. but in many clinical 
cases. alternans signifies irreversibly impaired myocardial 
function. 
The presence of alternans has been linked with the 
propensity for fatal ventricular arrhythmias (4.5.90). The 
following associations may explain these links: 1) mechani- 
cal alternans frequently occurs in patients with severely 
impaired ventricular function. which is a risk factor for 
sudden cardiac death (174); 2) repolarization alternans is 
frequently associated with a long QT interval or increased U 
wave amplitude, conditions known to precipitate torsade de 
pointes; and 3) ST segment alternans is associated with acute 
myocardial ischemia, which is an important risk factor for 
fatal ventricular tachyarrhythmias. In addition, in the pres- 
ence of each of these high risk conditions (that is. myocardial 
failure, long QT interval and acute ischemia). the occurrence 
Of dternans may facilitate or aggravate arrhythmias, partic- 
ularb of the reentrant types, by increasing dispersion of 
Wolarization and refractoriness. However, to our knowI- 
edge, the arrhythmogenic potential of alternans independent 
of underlying ri& factors for serious life-threatening vent+ 
t&u arrhythmias has not been demonstrated. Association of 
ahemans with increased dispersion of repolarization has 
been documented in the setting of experimental ischemia 
JACC Vol. 20. No. 2 
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(144) but has not been studied in other conditions in the 
bresence of alternans. 
Conclusions. Greater insight into various rnecba~~s~s of 
mechanical and electrical alternans may be expected to 
parallel future advances in the understandiilg of the electro- 
mechanical coupling and processes controlling ~e~o~ari~a- 
tien. At the clinical level, the mechanism and the signifi- 
cance of alternans can be evaluated by accurate assessment 
of the precipitaring conditions, including the role of 
rate, rhythm disturbances and administered drugs. Since its 
first description as “pulsus alternans,” the de 
alternans has evolved into a term 
phenomena that are united 
diverge widely with respect to eti 
clinical significance. 
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